The metabolism of leucine to isoamyl alcohol in yeast was examined by 13 C nuclear magnetic resonance spectroscopy. The product of leucine transamination, ␣-ketoisocaproate had four potential routes to isoamyl alcohol. The first, via branched-chain ␣-keto acid dehydrogenase to isovaleryl-CoA with subsequent conversion to isovalerate by acyl-CoA hydrolase operates in wild-type cells where isovalerate appears to be an end product. This pathway is not required for the synthesis of isoamyl alcohol because abolition of branched-chain ␣-keto acid dehydrogenase activity in an lpd1 disruption mutant did not prevent the formation of isoamyl alcohol. A second possible route was via pyruvate decarboxylase; however, elimination of pyruvate decarboxylase activity in a pdc1 pdc5 pdc6 triple mutant did not decrease the levels of isoamyl alcohol produced. A third route utilizes ␣-ketoisocaproate reductase (a novel activity in Saccharomyces cerevisiae) but with no role in the formation of isoamyl alcohol from ␣-hydroxyisocaproate because cell homogenates could not convert ␣-hydroxyisocaproate to isoamyl alcohol. The final possibility was that a pyruvate decarboxylase-like enzyme encoded by YDL080c appears to be the major route of decarboxylation of ␣-ketoisocaproate to isoamyl alcohol although disruption of this gene reveals that at least one other unidentified decarboxylase can substitute to a minor extent.
In most eukaryotes, the catabolism of the branched-chain amino acids leucine, isoleucine, and valine has been well understood for many years (1) . The first step is a transamination in which ␣-ketoglutarate accepts the amino group (from leucine, isoleucine, and valine) producing glutamate and ␣-ketoisocaproic acid, ␣-keto-␤-methylvaleric acid and ␣-ketoisovaleric acid, respectively. Next is oxidative decarboxylation of the keto acids by branched-chain ␣-keto acid dehydrogenase to the corresponding acyl-CoA derivatives. Further steps yield, ultimately, acetyl-CoA and acetoacetate (from leucine), acetyl-CoA and propionyl-CoA (from isoleucine), and succinyl-CoA (from valine). All of these metabolites can enter the tricarboxylic acid (TCA) 1 cycle. It has been known for many years that yeasts do not operate the same metabolic routes because branched-chain amino acids can serve as the sole source of nitrogen but not carbon (2, 3) . The predominant view, in a rather sparse literature, is that yeasts first use transamination but that decarboxylation of the keto acids proceeds via a "carboxylase" to an aldehyde that is then reduced in an NADH-linked reaction producing the appropriate "fusel" alcohol (2) (3) (4) . This scheme is sometimes called the "Ehrlich pathway" to honor the originator of the ideas (5), which were slightly modified later (6) . Acceptance of the so-called Ehrlich pathway is problematical for at least four reasons. First, the supposed pathway has never been proven to exist. Simply showing that e.g. radioactively labeled leucine is converted into isoamyl alcohol does not prove that the individual steps are those envisaged in the scheme. Other routes are conceivable. The wrongly named carboxylase (which should at least be called a "decarboxylase") has never been isolated; a few authors assume that pyruvate decarboxylase is responsible (4), without proof. The second problem is that this scheme cannot explain all of the products that yeast makes; some fusel alcohols do not correspond to any known amino acid. Third, even if the pathway did exist as envisaged by Webb and Ingraham (7) , the production of fusel alcohols in this manner would require a mixing of the synthetic and degradative reactions involving the branched-chain amino acids. This is something that cells normally avoid by coordinate regulation. Synthetic enzymes are usually repressed and/or inhibited if the end product is present. Conversely, catabolic enzymes are not induced if the compound is being synthesized at rates that are satisfying biosynthetic demand. Furthermore, if this unusual situation did exist, then operation of the metabolic pathways would require some extraordinary channeling of metabolites between different subcellular compartments. Fourth, the Ehrlich pathway does not explain all of the known facts as Ehrlich himself was fully aware. Two of the most serious concerns are that the kinetics of amino acid utilization do not match fusel alcohol formation in complex media, and in media containing low levels of amino acids, there is a poor correlation between the amino acid composition and the composition of the resulting fusel oil (7) .
Recent examination of the catabolism of the branched-chain amino acids in Saccharomyces cerevisiae confirms that the first step is transamination. There is an aminotransferase specific to branched-chain amino acids that is encoded by a single gene called BAA1 (8) . Branched-chain ␣-keto acid dehydrogenase has also been demonstrated in this yeast (9) . This enzyme is distinct from both ␣-ketoglutarate dehydrogenase and pyruvate dehydrogenase because it could not be detected in assay conditions that permitted the measurement of ␣-ketoglutarate dehydrogenase and vice versa. Also, a strain lacking ␣-ketoglutarate dehydrogenase due to a deletion and disruption of the KGD1 coding sequence and another strain lacking pyruvate dehydrogenase due to a disruption of the gene encoding the E1 ␣ sububunit of that latter enzyme both retained branched-chain ␣-keto acid dehydrogenase activity (9) . Branched-chain ␣-keto acid dehydrogenase has been purified from S. cerevisiae, and a number of its properties have been characterized (10) . Our experience with 13 C nuclear magnetic resonance (NMR) spectroscopy for metabolic analysis in wild-type and mutant yeast (11) (12) (13) (14) led us to use this technique to determine the metabolic pathways used in fusel alcohol formation from branched-chain amino acids. This paper reports the catabolism of leucine to isoamyl alcohol.
EXPERIMENTAL PROCEDURES
Strains, Media, and Culture Conditions-The strains used are shown in Table I . Strains JRD815-1.2 and JRD815-6.1 were constructed by mating YSH5.127.-17C to FY1679-YDL080c(␣) and sporulation of the resultant diploid. Standard genetic techniques were used in the strain construction (15, 16) . Progeny segregating all three pdc mutations were identified by a failure to grow on glucose-containing media and by enzyme assays; segregation of the disrupted YDL080c gene was followed by the ability to grow in the presence of the antibiotic G418 (Geneticin, at 200 g/ml). Starter cultures were grown in a medium comprising 1% yeast extract, 2% Bacto-peptone, and 2% carbon source. For studies of leucine catabolism, cells were grown in minimal medium containing (per liter) 1.67 g of yeast nitrogen base (Difco), 20 g of leucine, and either 20 ml of ethanol or 20 g of glucose for the carbon source. Experiments involving 13 C labeling used [2-13 C]leucine (99.9 atom %) from Cambridge Isotope Laboratories (Cambridge, MA). Auxotrophic requirements were supplied as required at 20 g/ml. Liquid cultures were grown in conical flasks filled to 40% nominal capacity in a gyrorotatory shaker. Agar (2%) was used to solidify media. All cell cultures were at 30°C.
NMR Analyses-
13
C NMR spectra were recorded at 20°C in culture supernatants (adjusted to pH 6 and containing 15% 2 H 2 O and 50 mM potassium phosphate buffer) as described previously (12-14) using a Bruker AMX360 NMR spectrometer operating at 90.5 MHz using 32,000 data points over 22,000 Hz with Waltz-16 1 H decoupling and by the DEPT method to determine the number of protons attached to each carbon atom. Signals were identified by comparison with spectra of standard compounds recorded under identical conditions and confirmed by "spiking" (addition of small amounts of the bona fide compounds to experimental samples). Standard Bruker software (UXNMR) was used throughout. Chemical shifts (Ѩ, ppm) are reported relative to external tetramethylsilane in C 2 HCl 3 ; addition of sodium trimethylsilylpropanesulfonate gave a methyl signal at Ϫ2.6 ppm under the conditions used here.
Determination of Isoamyl Alcohol Levels-In preliminary experiments isoamyl alcohol was determined in degassed culture supernatants by gas chromatography (GC) using a 2-m precolumn (0.53 mm internal diameter) of fused silica connected to a 60-m (0.53 mm internal diameter) megabore DBWAX column with a flame ionization detector. The temperature of the injector and the detector was 250°C; the oven temperature was increased from 50 to 150°C over 5 min; helium (11 p.s.i.) was used as carrier gas. Standard solutions (0 -250 ppm, w/v) of isoamyl alcohol were prepared in chilled 4% (v/v) ethanol. Later experiments used gas chromatography-mass spectrometry (GC-MS) on a 30-m (0.32 mm internal diameter) fused silica capillary column with a 0.25-m film of Supelcowax 10 (Supelco). The GC was a Hewlett Packard 5890, the mass spectrometer was a Trio-1 quadrupole mass spectrometer (VG, now named Finnigan, Altrincham, UK). The injector temperature was 250°C, and the samples were chromatographed isothermally at 60°C; helium (8 p.s.i.) was the carrier gas. Isoamyl alcohol (3-methyl-1-butanol) and active amyl alcohol (2-methyl-1-butanol) had almost identical retention times but could be discriminated because the former produced a unique ion of mass ϭ 55 Da, which the latter completely lacked. Standard solutions of isoamyl alcohol gave a linear calibration over the range 0 -500 ppm. Comparable experimental results were obtained with the two techniques.
Enzyme Assays-Cells were harvested by filtration on cellulose acetate membranes (0.45 m pore size), washed with copious amounts of sterile distilled water, resuspended in ice-cold buffer B (50 mM potassium phosphate buffer, pH 7.4, containing 2 mM EDTA and 2 mM 2-mercaptoethanol), and disrupted using a Braun homogenizer as described previously (17) . Cell homogenate was used immediately as a source of enzyme. Pyruvate decarboxylase was determined as described by Schmitt and Zimmermann (18) . ␣-Ketoisocaproate reductase was assayed at 25°C in 1 ml of buffer B containing 0.2 mM NADH. The reaction was initiated by the addition of ␣-ketoisocaproate. NADH "disappearance" was monitored by following the absorbance at 340 nm in a dual beam recording spectrophotometer. The assay blank contained all components except ␣-ketoisocaproate. Attempts were also made to assay the reaction in the reverse direction using either L-or DL-␣-hydroxyisocaproate (2-5 mM) and NAD, FAD, or NADP (each tried at 0.1-0.4 mM).
When cell extracts were examined for the ability to convert individual ␣-keto acids into isoamyl alcohol in vitro, approximately 5 mg of protein was incubated at 30°C with 1-2 mg of ␣-keto acid in 1 ml of buffer B with or without thiamine pyrophosphate (0.2 mol), NAD (0.765 mol), or Coenzyme A (0.08 mol). Apart from when the contents of the tubes were re-mixed (every 10 min to prevent settling), the lids of the tubes were kept open in case there was a requirement for oxygen. After 1 h, the tubes were centrifuged for 3 min in a microfuge, and the supernatants were removed and filtered through a 0.22-m filter. They were then stored at Ϫ20°C for no more than 18 h or analyzed immediately by GC-MS as described above. Fig. 1 shows the 13 C NMR spectrum of a culture supernatant of a wild-type strain that had been cultured in a minimal medium in which ethanol was the carbon source and [2-
RESULTS

Leucine Catabolism in a Wild-type Strain-
13 C]leucine was the sole nitrogen source. The largest signal was C-2 of leucine at 53.5 ppm (the 13 C-labeled substrate). A number of resonances were observed due to natural abundance: leucine C-1 (at 175.5 ppm appearing as a doublet J ϭ 54 Hz due to the adjacent labeled C-2), leucine C-3 (at 39.8 ppm as a doublet J ϭ 33 Hz due to the adjacent labeled C-2), leucine C-4 (24.0 ppm), leucine C-5 (20.8 ppm), leucine C-6 (21.8 ppm), ethanol C-1 (57.5 ppm), and ethanol C-2 (16.8 ppm) . The other resonances that were clearly visible were C-2 of ␣-ketoisocaproate (207.7 ppm), C-1 of isovalerate (179.3 ppm), C-2 of ␣-hydroxyisocaproate (70.0 ppm), and C-1 of isoamyl alcohol (60.2 ppm). From the metabolites identified and the positions that were labeled with 13 C, a number of routes between leucine and isoamyl alcohol seemed possible. All of these involved initial transamination to ␣-ketoisocaproate (Fig. 2) . The first was via branched-chain ␣-keto acid dehydrogenase (route A in Fig. 2 ) to yield isovaleryl-CoA, which would then be converted to isovalerate by acyl-CoA hydrolase. The second possibility was via pyruvate decarboxylase (route B). Potential pathway C involved ␣-ketoisocaproate reductase to produce ␣-hydroxyisocaproate followed by decarboxylation to yield isoamyl alcohol. The possibility was considered that isovalerate was derived from ␣-hydroxyisocaproate. Route D envisaged a pyruvate decarboxylase-like enzyme. Although pathway E was included as a theoretical possibility, we could not conceive a metabolic route in yeast between ␣-ketoisocaproate and isovalerate using known or potential enzymes so the notion was discarded. Subsequent experiments were devised to distinguish between the four remaining possibilities.
Leucine Catabolism in a Mutant That Lacks Branched-chain ␣-Keto Acid Dehydrogenase-The mutant MML22 is defective in lipoamide dehydrogenase because it carries a disruption in the LPD1 gene that encodes lipoamide dehydrogenase (19) . As a consequence of this defect, the strain lacks pyruvate dehydrogenase, ␣-ketoglutarate dehydrogenase, glycine carboxylase, and branched-chain ␣-keto acid dehydrogenase (20, 21, 19) . Since strain MML22 lacks branched-chain ␣-keto acid deydrogenase, it offered a way of testing whether this activity is required for the formation of isoamyl alcohol from leucine. Since lpd1 mutants do not grow on non-fermentable carbon sources (19, 20, 22) , strain MML22 was cultured in minimal medium comprising glucose as carbon source and leucine as sole source of nitrogen. Under these conditions culture supernatants of MML22 contained isoamyl alcohol (Table II) . This indicates that branched-chain ␣-keto acid dehydrogenase (or any of the other mitochondrial keto acid dehydrogenase complexes) is not required for the formation of isoamyl alcohol.
The 13 C NMR spectrum of a culture supernatant of the lpd1 mutant (Fig. 3) showed resonances due to all of the positions in leucine as before. (69.7 ppm), C-6␤ (60.9 ppm), and C-6␣ (60.7 ppm). The C-1 and C-2 of ethanol were also observed due to natural abundance. In the lpd1 mutant, they were observed due to the fermentation of glucose to ethanol; whereas in the wild-type, they were observed because ethanol was the carbon source. The resonances due to C-2 of ␣-ketoisocaproate and C-1 of isoamyl alcohol were also observed. There was no resonance due to isovalerate. This implies that the isovalerate produced by the wild type was derived via isovaleryl-CoA due to the action of branched-chain ␣-keto acid dehydrogenase and subsequent hydrolysis by acylCoA hydrolase. If isovalerate had been derived from either ␣-ketoisocaproate or ␣-hydroxyisocaproate, then one would expect to see it produced by the lpd1 mutant.
Elucidation of the Pathway from ␣-Ketoisocaproic Acid to Isoamyl Alcohol-Three possible routes remained for the conversion of ␣-ketoisocaproate to isoamyl alcohol: (B) pyruvate decarboxylase, (C) reduction of ␣-ketoisocaproate to ␣-hydroxyisocaproate followed by decarboxylation of ␣-hydroxyisocaproate to isoamyl alcohol, or (D) a pyruvate decarboxylase-like enzyme. The mutant strain YSH5.127.-17C completely lacks pyruvate decarboxylase activity due to disruptions in all three genes for pyruvate decarboxylase (PDC1, PDC5, and PDC6) (23) . This strain grew as well as wild-type strains on ethanol minimal medium with leucine as sole source of nitrogen and produced large amounts of isoamyl alcohol (Table II) . The very high concentration of isoamyl alcohol in the medium arises from the need for this strain to be grown with ethanol as carbon source. The wild-type strain produced similarly high concentrations when ethanol was the carbon source rather than glucose (24) . It seems reasonable to conclude from this result that pyruvate decarboxylase is not required for the formation of isoamyl alcohol from leucine.
The reduction of ␣-ketoisocaproate to ␣-hydroxyisocaproate (possible pathway C) with subsequent decarboxylation presented an interesting possibility. The interconversion of ␣-ketoisocaproate and D-2-hydroxyisocaproate has been described in Lactobacillus casei (25) . S. cerevisiae contains three genes, YER081w on chromosome V, YIL074c on chromosome IX, and YNL274c on chromosome XIV, substantially identical at the amino acid level to the L. casei enzyme, each of which is potentially capable of encoding such an activity. S. cerevisiae clearly possesses the ability to convert ␣-ketoisocaproate to ␣-hydroxyisocaproate using NADH as hydrogen donor (Table  III) . Optimal activity occurred at 6 mM ␣-ketoisocaproate and 0.3 mM NADH with a pH optimum at pH 7.5. It proved impossible to assay the reaction in the opposite direction using ␣-hydroxyisocaproate with any one of NAD, FAD, or NADP. The reductase activity appears to reside within the mitochondrion (data not shown). However, extracts prepared from cells that had been grown on ethanol minimal medium in which leucine was the sole source of nitrogen did not convert ␣-hydroxyisocaproate into isoamyl alcohol. Hence, the presence of ␣-ketoisocaproate reductase explains the presence of ␣-hydroxyisocaproate in spectra such as Fig. 1 , but it does not appear to be relevant to the formation of isoamyl alcohol. More details on this enzyme will be published elsewhere. The only feasible remaining possibility seemed to be a pyruvate decarboxylase-like activity (route D in Fig. 2) . The conversion of ␣-ketoisocaproate to isoamyl alcohol in vitro confirms this notion (Table IV) . The activity fell at ␣-ketoisocaproate concentrations above 7.7 mM and when extra thiamine pyrophosphate was added to the assay. The basal rates observed in   FIG. 4 . Growth and isoamyl alcohol production by the wildtype strain IWD72 in ethanol minimal medium with leucine as sole nitrogen source. q, A 600 nm; E, yeast dry weight (mg/ml); f, isoamyl alcohol in the medium (g/ml). vitro in extracts from cells, which had been in ethanol minimal medium with leucine as the sole nitrogen source for 63 h, satisfactorily explain the rate of accumulation of isoamyl alcohol seen in cultures at this time (Fig. 4) . A search of the Saccharomyces Genome data base revealed the presence of the gene YDL080c on chromosome IV, the predicted amino acid sequence of which has obviously high homology to the enzymes encoded by PDC1, PDC5, and PDC6 (Fig. 5 ). To date, no clear biochemical identity has been ascribed to YDL080c although a pseudonym for YDL080c is THI3, which functions as a positive regulator of thiamine biosynthesis (27). Strains FY1679-YDL080c(a) and FY1679-YDL080c(␣), both of which carry a disruption in this gene, and their parent strain FY1679 do not grow in ethanol minimal medium with leucine as nitrogen source. Indeed, all three strains do not grow well even in complex medium when supplied with non-fermentable carbon sources such as glycerol or ethanol, indicating a reduced ability to metabolize non-fermentable carbon sources in the genetic background of the parental strain. However, FY1679 and the YDL080c disruption mutants were capable of growing in glucose minimal medium with leucine as nitrogen source with virtually identical kinetics to the prototrophic wild-type IWD72 used throughout this study (Fig. 6 ). It is noticeable that the strains with disruptions in YDL080c produced very little isoamyl alcohol (Table II) . Normalizing the amount of isoamyl alcohol produced for the amount of biomass present emphasizes this result (Table II. open reading frame YDL080c, produced levels of isoamyl alcohol similar to those produced by strains disrupted only in YDL080c (Table II. ) This indicates that the gene YDL080c encodes the major ␣-ketoisocaproate decarboxylase but that there must be at least one other decarboxylase that is involved in the decarboxylation of ␣-ketoisocaproate and the formation of isoamyl alcohol from leucine.
DISCUSSION
Analysis of the metabolism of [2- 13 C]leucine by the wild-type strain suggested four credible routes from ␣-ketoisocaproate to isoamyl alcohol (Fig. 2) . The first was via branched-chain ␣-keto acid dehydrogenase to yield isovaleryl-CoA; this thioester would then be converted to isovalerate by acyl-CoA hydrolase (ACH1 gene product), which has a broad substrate specificity including this substrate (28, 29) . This pathway operates in the wild type only as far as isovalerate the end product. The pathway is not used for the synthesis of isoamyl alcohol because abolition of branched-chain ␣-keto acid dehydrogenase in an lpd1 disruption mutant did not prevent the formation of isoamyl alcohol. The second possibility was via pyruvate decarboxylase as sugested by Derrick and Large (4) . However, the complete obliteration of pyruvate decarboxylase activity in a pdc1 pdc5 pdc6 triple mutant had virtually no effect on the levels of isoamyl alcohol produced. The third, and most intriguing possibility was via ␣-ketoisocaproate reductase, a novel activity that, as far as we are aware, has not been identified previously in S. cerevisiae. The true metabolic significance of this enzyme in yeast is not apparent at this time. It is quite clear that it has no role in the formation of isoamyl alcohol from ␣-hydroxyisocaproate because cell homogenates could not convert ␣-hydroxyisocaproate to isoamyl alcohol. Bearing in mind that this enzyme is present in L. casei, the considerable homology between the yeast and bacterial proteins, and the frequent association of S. cerevisiae and lactic acid bacteria, it is tempting to speculate that this activity was acquired from lactic acid bacteria at some time in evolutionary history. The final possibility to be examined, a pyruvate decarboxylase-like enzyme encoded by YDL080c, appears to be the major route of decarboxylation of ␣-ketoisocaproate to isoamyl alcohol although disruption of this gene reveals that another decarboxylase can substitute to a minor extent. The identity of this minor decarboxylase remains unknown at this time.
On the basis of chromosomal location and restriction enzyme fragments, YDL080c is believed to be the same as THI3, a gene identified previously as a positive regulator of thiamine biosynthesis (27). Nothing more is known at present of the way in which thiamine biosynthesis is regulated by the THI3 gene product. Indeed, the pathway of thiamine biosynthesis remains to be elucidated in all organisms. Nevertheless, since ␣-ketoisocaproate decarboxylase is such a typical decarboxylase, has a thiamine binding site (Fig. 5, (26) ), and will be active when a yeast cell is close to starvation, the dual role of decarboxylation and stimulation of thiamine biosynthesis would seem to be a very elegant metabolic control. Additionally, the inhibition of the enzyme by thiamine pyrophosphate observed in vitro suggests that in vivo activity would be low when thiamine was abundant, which correlates with the known low rates of formation of isoamyl alcohol in rich media (7) . It seems to us that because its role as ␣-ketoisocaproate decarboxylase is currently better defined than its role in regulation of thiamine biosynthesis, a more appropriate name for the open reading frame YDL080c would be KID1. In S. cerevisiae, a number of "ordinary housekeeping" enzymes have a dual role as metabolic regulators. Included in this list are the HXK2 gene product, which doubles as an isozyme of hexokinase and is also involved in carbon catabolite repression (30, 31) , and PDC1, which encodes the major isozyme of pyruvate decarboxylase for growth on glucose and exerts a regulatory effect on the expression of PDC5 (32) . It will be interesting to see whether mutation of different sections of the KID1 (THI3) gene can identify separate portions of the protein specifically involved in either catalysis or gene regulation.
